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Some t r a n s i t i o n  metal  a l l o y s  used i n  s t r a i n  gauges, have r e s i s t i v i -  
t i e s  which a r e  l a r g e  and vary much more s lowly w i t h  temperature than  usua l  
meta ls .  
t he se  h i  
I n  an a t tempt  t o  understand t h e  l a c k  of temperature dependence of 
.gh r e s i s t i v i t y  a l l o y s  t h e  theory of t h e  deformation p o t e n t i a l  i n t e r -  
a c t i o n  between an e l e c t r o n  and a l o n g i t u d i n a l  phonon was extended i n t o  t h e  
high c o l l i s i o n  r a t e  regime. It is demonstrated t h a t  i f  t h e  deformation p o t e n t i a l  
decreases  w i t h  inc reas ing  c o l l i s i o n  r a t e  then  t h e  r e s i s t i v i t y  should become 
independent of temperature.  It w a s  found however, t h a t  t h e  deformation p o t e n t i a l  
was even more independent of e l e c t r o n  c o l l i s i o n  r a t e  than  previous ly  r epo r t ed ,  
A s  a consequence . th i s  e f f e c t  cannot account f o r  t h e  observed l a c k  of temperature 
dependence of t h e  a l l o y s  of  i n t e r e s t .  
I. In t roduc t ion  
I n  a narrow concentration range Cu -Ni (x : - 6 0 )  a l l o y s  have a high 
w l -x 
r e s i s t a n c e  with a very small  temperature v a r i a t i o n .  There a r e  o the r  t r ans i -  
t i o n  metal a l l o y s  which behave i n  a s i m i l a r  fashion.  These p roper t i e s  a r e  
j u s t  those required f o r  good s t r a i n  gauge mate r i a l s .  The a l l o y s  involved 
a r e  concentrated and t h e  cons t i tuen t s ' have  q u i t e  d i f f e r e n t  atomic p o t e n t i a l s .  
Hence t h e  "impurity" s c a t t e r i n g  is so  s t rong ,  t h a t  i t  must be included i n  
t h e  band s t r u c t u r e  i.e. a s  p a r t  of t h e  unperturbed Hamiltonian. This  is a 
d i f f i c u l t  problem, bu t  t h e  methods t o  a t t a c k  i t  a r e  beginning t o  b e  
developed. ( )  ' ( )  ( )  I n  add i t ion  t o  t h i s  major problem, t h e  combination 
of band s t r u c t u r e  and "impurity" s c a t t e r i n g ,  i t  is a l s o  necessary t o  under- 
s tand why t h e  usual  electron-phonon con t r ibu t ion  t o  the  r e s i s t i v i t y  is absent .  
The electron-phonon con t r ibu t ion  normally leads  t o  room temperature r e s i s t i v i -  
ties i n  t h e  range of 1+10 pQ-cm., and t h e  observed r e s i s t i v i t y  of CuOe6-Ni 0.4 
is Q 50 pa-cm. But even s o ,  t h e  observed temperature v a r i a t i o n  of the  Cu-Ni 
a l loy(5)  (1. 10-~pQ-cm. /OK) is much smaller  than one would guess from the  usual  
way of combining r e s i s t i v i t i e s ,  i .e. adding t h e  impurity r e s i s t i v i t y  pI t o  the  
phonon r e s i s t i v i t y  p p,  p = p$ pp. The purpose of the  work being repor ted  he re  
was t o  i n v e s t i g a t e  a mechanism which would quench t h e  electron-phonon i n t e r -  
ac t ions  ( t h e  deformation p o t e n t i a l  (6) ' (7)) i f  s c a t t e r i n g  r a t e s  g e t  s u f f i c i e n t l y  
high. This  would have t h e  e f f e c t  of reducing the  temperature v a r i a t i o n  of the  
phonon p a r t  of the  r e s i s t i v i t y  t o  br ing  our expectat ions i n t o  agree$ent wi th  
experiment. The e f f e c t  w e  were seeking does occur, however due t o  a p e c u l i a r i t y  
i n  the  make up of t h e  deformation p o t e n t i a l  i t  does not  occur f o r  t h e  range 
of parameters which are encountered. The v i r t u e  of t h e  present  ca lcu la t ions  
is t h a t  i t  extends t h e  range of v a l i d i t y  of t h e  deformation p o t e n t i a l  (and 
the Born-Oppenheimer approximation) f a r  beyond the realm f o r  which i t  was 
formerly thought t o  b e  v a l i d .  
11. The Deformation P o t e n t i a l  
The deformation p o t e n t i a l  is t h e  change of t h e  energy of an e l e c t r o n  
i n  the  presence of a phonon r e l a t i v e  t o  i ts  energy i n  t h e  pe r fec t  undisturbed 
cryst.al.  I n  a metal t h e  major con t r ibu t ion  t o  the  deformation p o t e n t i a l  
I 
a r i s e s  because t h e  e l ec t rons  do not fol low t h e  motion of t h e  ions p e r f e c t l y  
and a s  a consequence a long i tud ina l  phonon produces an e l e c t r i c a l  p o t e n t i a l ,  
( i n  the  Coulomb gauge a t ransverse  phonon produces a vector  p o t e n t i a l ) .  A 
s i n g l e  e l ec t ron  moves i n  t h i s  e l e c t r i c a l  p o t e n t i a l  caused by a l l  t h e  o the r  
e lec t rons  and t h e  d i s t o r t e d  ion  l a t t i c e  and t h e  energy of i n t e r a c t i o n  const i -  
t u t e s  an e x t r a  term i n  t h e  one e lec t ron  Hamiltonian. W e  s h a l l  de r ive  t h e  
deformation p o t e n t i a l  by genera l iz ing  arguments which have been developed f o r  
the  theory of acous t i c  a t t e n ~ a t i o n ( ~ ) '  (8)' (9). The acous t i c  a t t enua t ion  
theory is  modified here  i n  two ways; f i r s t  t h e  e f f e c t  of a phonon on band 
s t r u c t u r e  i s  formally introduced i n t o  t h e  theory,  and second the  s o l u t i o n  method 
previously used, i . e .  t h e  Champers t r a j e c t o r y  method, ( l o )  is  replaced by one 
i n  which t h e  physica l  approximations a r e  more evident .  The theory is semi- 
c l a s s i c a l  and i n  o u t l i n e  proceeds a s  follows. A Boltzmann equation f o r  t h e  
temporal and s p a c i a l  dependence of the  e l ec t ron  d i s t r i b u t i o n  funct ion  wi th  a 
c o l l i s i o n  t i m e  approximation i s  introduced. A phonon a c t s  a s  an ex te rna l  d r iv ing  
fo rce  i n  t h i s  equation. The Boltzmann equation is solved s e l f  c o n s i s t a n t l y ,  wi th  
Maxwell's equations t o  y i e l d  a deformation p o t e n t i a l .  The r e s u l t i n g  deformation 
p o t e n t i a l  is  an e x p l i c i t  function of t h e  c o l l i s i o n  time which was introduced 
i n t o  t h e  Boltzmann equation. The deformation p o t e n t i a l  can then be used along 
with tirne dependent per turbat ion  theory t o  c a l c u l a t e  t h e  c o l l i s i o n  time, This  
leads t o  an i m p l i c i t  expreseion f o r  t h e  c o l l i s i o n  t i m e  which can then be solved 
- 4  - 
self  consistently, It t u r n s  out t h a t  as coLlisioa rates become fas te r ,  the 
deformation p o t e n t i a l  t ends  t o  dec rea se ,  caus ing  t h e  c o l l i s i o n  rates t o  saturate,  
Thus t h e  temperature v a r i a t i o n  of t h e  r e s i s t i v i t y  would tend t o  be quenched. 
Unfortunately, t h e  deformation p o t e n t i a l  does not  begin t o  decrease a s  a  
funct ion  of c o l l i s i o n  r a t e  u n t i l  t h e  product of the  e l ec t ron  mean f r e e  path A 
times t h e  phonon wave vector  q  becomes of order  of the  r a t i o  of v e l o c i t y  of 
sound v  t o  the  Fermi ve loc i ty  vF, qA 'l. vs/vF '1. r a t h e r  than the  previously 
s 
reported condit ion of qh 'L 1. (11) For t h e  phonons which do most of t h e  e l ec t ron  
s c a t t e r i n g  qA does g e t  t o  be 'L 1 i n  t r a n s i t i o n  metal a l l o y s  but  never becomes 
1 0  Hence, whi le  t h i s  temperature quenching occurs i n  p r inc ip le ,  i t  cannot 
be t h e  cause of t h e  observed l a c k  of temperature dependence of some t r a n s i t i o n  
metal a l loys .  
111. Calcula t ion  of the  Deformation P o t e n t i a l  
Only t h e  long i tud ina l  phonon-electron i n t e r a c t i o n  w i l l  be  discussed.  
Most of t h e  e l e c t r o n  s c a t t e r i n g  is  due t o  long i tud ina l  phonons. W e  s h a l l  s e e  
t h a t  t h e  i n t e r a c t i o n  between t h e  e l ec t rons  and t h e  long i tud ina l  phonons does 
not change when qA 'L 1. The t r ansverse  phonon-electron i n t e r a c t i o n  may change 
when qA Q 1. However t h i s  is r e l a t i v e l y  un in te res t ing  s ince  i t  cannot account 
f o r  t h e  observed l a c k  of temperature v a r i a t i o n  of t h e  r e s i s t i v i t y  i n  t r a n s i t i o n  
metal a l loys .  
The Boltzmann equation governs the  temporal and s p a t i a l  v a r i a t i o n  of 
3 -9 -% 3 
the  e l ec t ron  concentrat ion d i s t r i b u t i o n  f ( r ,  k ; t ) .  The function f ( r ,  k; t )  
+- 
is the  number of e l ec t rons  per  u n i t  volume per  u n i t  (wave ~ ~ u m b e r ) ~  a t  point  r ,  
-9 -9 3 
with wave vector  k ( c r y s t a l  momentum p  =.Kk), a t  t i m e  t. The Boltzmann 
equation i n  t h e  c o l l i s i o n  t i m e  a p p s o x h a t i s n  is: 
-+ +- 
where r ,  k; t )  is t h e  l o c a l  equil ibrium d i s t r i b u t i o n  t o  which e lec t ron  
. 
-+ 
c o l l i s i o n s  tend t o  d r i v e  t h e  system, and F is t h e  ex te rna l  fo rce  on t h e  
e l ec t rons  caused by t h e  phonon. The Boltzmann equation is only expected t o  
be va l id  i n  t h e  l i m i t  of long wave length  phonons. For phonons whose wave 
lengths a r e  comparable t o  interatomic spacings,  t h i s  p i c t u r e  cannot y i e l d  
accura te  answers, however i t  should i n d i c a t e  t rends .  A t  any point  i n  space 
3 3 +- 
t he  e l ec t ron  concentra t ion  n ( r ,  t )  is r e l a t e d  t o  f ( r ,  k, t )  through t h e  expression 
In  thermodynamic equi l ibr ium and i n  t h e  absence of a phonon t h e  d i s t r i b u t i o n  
4 
function fe(k)  is a Fermi d i s t r i b u t i o n :  
and t h e  equi l ibr ium e lec t ron  concentrat ion n is: 
0 
0 0 
Eq.  (4 )  determines p , t h e  Fermi energy. E , i s  the  unperturbed energy as a 
7 
k 
function of k, i . e . ,  the band s t r u c t u r e .  
Suppose a longi tudina1 phonon with which t h e  e l e c t r o n  i n t e r a c t s  has wave num- 
+- -3. 
ber q and frequency a, Them the d i s p l a e m e n t  (complex) t(r, t) s f  an ion 
-+ -Jp 
relative to its e q u i l i b r i w  p o s i t i o n ,  and v e l o c i t y  u ( r ,  t) s f  & h i s  ion located 
-). 
a t  r and a t  t i m e  % can be expressed as 
+ + + -t + i ( q 0 r  
5 ( r ,  t )  = 6E.e - a t )  
+- -t 
3 +- 3 i ( q - r  - a t )  
~ ( r ,  t )  = 6ue 
-f -t 
where 6u = -iw6<, 
A A h h 
and the  u n i t  v e c t o r s  65, 6; and q  a r e  equal ,  6 i  = 6u = q.  The l o c a l  e q u i l i -  
brium d i s t r i b u t i o n  f i n t o  which c o l l i s i o n s  ( e i t h e r  w i th  o t h e r  phonons o r  8.e. 
w i t h  i m p u r i t i e s )  tends  t o  d r i v e  t h e  e l e c t r o n s  is  a  d r i f t e d  Fermi d i s t r i b u t i o n :  
w i t h  
+ +- 
E X ( ~ ,  t )  is  t h e  band s t r u c t u r e  a t  r ,  t a s  changed by t h e  presence of t h e  
-t 
phonon. ~ z ( r ,  L) can be c a l c u l a t e d  from band s t r u c t u r e  theory(6)  and we s h a l l  
-+ + +  
accept  i t  a s  an  inpu t  t o  t h i s  c a l c u l a t i o n .  The term -mvg0u(r, t ) ,  w i t h  
-t 
- -- 1 aEz 
vk h  ,g is introduced t o  account f o r  t h e  f a c t  t h a t  t h e  e l e c t r o n s  move 
+- 
r e l a t i v e  t o  a  f i x e d  r e f e r e n c e  frame (k  is i n  t h e  f i x e d  r e fe rence  frame) and 
i n  t h e  presence s f  a phonon the l a t t i c e  is i n  motion. The energy i n  t h e  
Fermi func t ion ,  f , has  been l i n e a r i z e d  w i t h  r e s p e c t  t o  smal l  q u a n t i t i e s ,  
Rae. 
so terms p ropor t iona l  t o  uZ have been droped. Thus c o l l i s i o n s  w i l l  t r y  t o  
d r i v e  t h e  e l ec t ron  d i s t r i b u t i o n  i n t o  one which moves w i t h  the  l a t t i c e ,  
F i n a l l y  t h e  d i s t r i b u t i o n  is  called '"oeal equilibrium" kbeeause t h e  Fermi 
-+ 
energy l e v e l  p ( r ,  t )  t o  which c o l l i s i o n s  d r i v e  the  system is  determined 
from the  r e s t r i c t i o n  imposed by Eq. 7.  So t h e  Fermi l e v e l  i s  the  appropri- 
a t e  one f o r  the  l o c a l  band s t r u c t u r e  and t h e  l o c a l  e l e c t r o n  concentrat ion.  
-% 
The ex te rna l  f o r c e  on an e l e c t r o n  F, i n  Eq. ( I ) ,  is given by a Hamiltonian 
equation,  
-t 
a s k ( r ,  t )  
The f i r s t  term i n  Eq. (8) - a r i s e s  becuase the  band s t r u c t u r e  energy 
a: + 
is pos i t ion  dependent, The second term eE is t h e  e l e c t r i c  force .  The f i e l d  
-t 
E is ca lcu la ted  se l f - cons i s t en t ly  from ~ o i s s o n ' s  equation 
A l l  t h e  equations needed t o  s o l v e  t h e  problem have now been introduced. 
The so lu t ion  t o  the  set of equations,  Eq. ( I ) ,  (2), ( 6 ) ,  (7), (8) , ( 9 ) ,  
i n  t h e  l i n e a r  approximation i s  charac ter ized  by a l l  va r i ab les  o s c i l l a t i n g  about 
t h e i r  equil ibrium wi th  changes i n  values propor t ional  t o  t h e  same spat ia l .  and 
A A i(6.i - temporal f a c t o r  e Wt'. Thus the  various q u a n t i t i e s  can be w r i t t e n  as: 
Eqs. ( 3 ) ,  ( 6 ) ,  ( 7 ) ,  (10) combine t o  y i e l d :  
where because t h e  Fermi d i s t r i b u t i o n  c u t s  o f f  sharp ly  
and 6p i s  f i x e d  by 
The quani ty  
is t h e  d e n s i t y  of s t a t e s  per  u n i t  energy range a t  t h e  Fermi s u r f a c e ,  dSp is 
-1. 
an element of a r e a  i n  k space  on t h e  F e m i  s u r f a c e  and v+ is t h e  speed s f  t h e  
-+ 
e l e c t r o n s  wi th  wave number kp, and t h e  energy 
53 
is the e lec t ron energy change averaged over &he Fermi su r face ,  I n  the  special 
1 1  
hLkL then t h e  Fermi surface i s  s p h e r i c a l  case of a parabolic band, i. e. 
~i = =*- 
and 
Eq. 1 3  r e l a t e s  t h e  s h i f t  i n  t h e  Fermi energy 6p t o  t h e  l o c a l l y  s h i f t e d  e l e c t r o n  
dens i ty  6n and an  average band s t r u c t u r e  change GF . I f  Eqs. ( l o ) ,  (13) are 
-+ -t afe  
F af F . -  i n s e r t e d  i n t o  Eqs. ( 1 ) , ( 9 ) ,  and only  l i n e a r  terms r e t a i n e d  i .e. - h g ~ z ~  
ak 
where 
+ +  +- 
20) A E vj: r = t h e  mean f r e e  p a t h  of a n  e l e c t r o n  w i t h  v e l o c i t y  vt k 
and 
- 1 
21) g. E (4ae2$( )% (Fermi-Thomas s h i e l d i n g  l eng th )  
afe The term - guarantees  t h a t  on ly  e l e c t r o n s  nea r  t h e  Fermi ~ u r f a c e ~ c o n t r i b u t e  3 &$ 
t o  6 f .  For t h e  remainder of t h e  d e r i v a t i o n  a l l  q u a n t i t i e s  w i l l  be  eva lua ted  
a t  t h e  Fermi su r f ace ,  We s h a l l  drop t h e  s u b s c r i p t s  "Fsg everywhere. 
3 
Eg. (19) r e l a t e s  two unknowns 6£(k) and 6n. Note that 6ra does nok 
+ + 
depend on k ,  Thus i f  6 f (k )  from Eq.  (19) along wi th  t h e  express ions  i n  
Eq.  (lo) were s u b s t i t u t e d  i n t o  Eq. (21, then the r e s u l t i n g  equation can be 




W Note t h a t  qll = (-) (vFr) = w-r>>w-c. Thus i n  a metal,  where t he  Fermi 
vs vs 
8 ve loc i ty  v % 10 cm/sec i s  always l a rge  compared t o  the  ve loc i ty  of sound F 
5 
vs %' 10 cm/sec., the  terms (UT) which a r i s e  from the  phonon o s c i l l a t i o n s  
a r e  always small compared t o  those (QqA), caused by e lec t ron  motion (a 
a f (a ) ~ h u s  t o  lowest order i n  (Wrlqli) = (vs/vF), I (T )  is: 
In the  two i n t e r e s t i ng  l i m i t s  I (T) becomes 
Thus ]I(?) I is small compared t o  u n i t y  u n t i l  qh becomes small enough so tha t  
V 
9 qA<< - As a consequence sh ie ld ing  does no t  begin t o  be affected by 
V F 
- 3 
c o l l i s i o n s  u n t i l  qA becomes of order 10 The numerator of Eq. (22)  con- 
t a i n s  t h r e e  terms which a r i s e  r e s p e c t i v e l y  from coulomb coupling between 
t h e  e l e c t r o n s  and i o n s ,  t h e  s h i f t  i n  t h e  Fermi l e v e l  i n  t h e  l o c a l  equ i l i b r ium 
d i s t r i b u t i o n ,  and t h e  d r i f t  term i n  t h e  l o c a l  equi l ibr ium.  Note t h a t  t h e  f i r s t  
two terms i n  t h e  numerator a r e  independent of t he  c o l l i s i o n  r a t e  bu t  t h e  d r i f t  
term does depend on qA. 
3 3 4- 
The e l e c t r i c  f i e l d  E ( r ,  t )  and t h e  e l e c t r i c a l  p o t e n t i a l  4 ( r ,  t) are 
r e l a t e d  by t h e  usua l  express ion  
?t +- 
o r  using $(:, t) = 6$e i ( q 0 r  - at) 
+- 
27) $6, tl = i E ( r 9  : t )  q  
then  
~ q .  (27),, (9 ) ,  (10) combine t o  y i e l d :  
e. 
F i n a l l y  t h e  deformation energy caused by t h e  l o n g i t u d i n a l  phononn wi th  wave 
3 
vec to r  q  can be w r i t t e n  as: 
-4- -%- 
= 6v B ( q * r  - w t )  
T h i s  can be expressed i n  terms of knom quantities by substituting from E q s ,  
(281,6101 3 (221 9 (21) * 
The t o t a l  deformation energy H i .e. t h e  electron-phonon i n t e r a c t i o n ,  
e-P 
from a l l  longi tudinal  phonons is: 
Let ' s  i n v e s t i g a t e  D-t t o  see  where i t  changes character  a s  -C decreases. To 
4 
- 
do t h i s ,  express 6 ~ + ,  6& and 6u i n  terms of 6n1. F i r s t  f ind  r e l a t i o n s  between 
k 
each of these  q u a n t i t i e s  and the  l a t t i c e  displacement 65. Eq. ( 5 )  al ready 
contains t h e  r e l a t i o n  between 6u and 65. The other  q u a n t i t i e s  6nI, 6"t, 
k 
a -+ + -+  
a r e  each propor t ional  t o  t h e  l a t t i c e  d i l a t i o n  5 = iq.6 = iq66e i (q93-ut) z 
Thus w e  f ind  
-+ 
where U-, the  energy shift of t h e  kth electron s t a t e  per unit di la t ion ,  and i t s  
k 
average over the  Permi surface 5 a r e  imputs to  t h i s  theoryc6'. Subs t i tu te  
E q s  - (51, (321, (331, ( 3 4 )  i n t o  Eq,  ( 3 0 ) .  
I f  t h i s  equation is now spec ia l i zed  t o  the  case of a  parabol ic  band then 
using Eqs. (17), (18) i t  becomes 
I n  the  usual  l i m i t  q b > l  wl~icn app l i e s  t o  most metals  i t  reduces t o  t h e  cus- 
tomary answer ( 6 )  
where Eq .  (25) has been used. I n  t h e  o the r  l i m i t  where t h e  c o l l i s i o n s  become 
f a s t  qA$l which can be reached i n  t r a n s i t i o n  metal  a l l o y s ,  then Eq. (36) 
along wi th  Eq. (25) gives : 
L 
The rigid ion model predicts U$ -. -, cF rand somewhat bet ter  theory due t o  
J 
Bardeen has U p < E  P ' 
'I1' 'I2' I n  either case 61)1 remains essentially un- 
v q 
8 3 
changed u n t i l  qA becomes of order  - E 10- 
" F 
I f  we s impl i fy  s t i l l  f u r t h e r  t o  t h e  Bardeen case  where U-+<<E k F 
,(nearly f r e e  e l ec t ron  case) and remember (Eq. 32) t h a t  6nI is a  nega 
imaginary number then the  r e a l  and imaginary p a r t s  of 6Dt become: 
4 
t ive pure  
A sketch  of these  funct ions  from Eqs. ( 3 7 ) ,  ( 3 9 ) ,  (40) is  i n  Figure 1. The 
~ e [ 6 D t ]  reaches i t s  peak a t  t h e  same place  t h a t  t h e  Im[BD+] i s  hal f  i ts  4  
v  
4  
1 (1 :27za2). Hence f o r  q / p < < l  i n i t i a l  value. This occurs f o r  - = - 
4A 3v, 
(g- % cm f o r  most metals)  t h e  Re[6&] can b e  ignored and t h e  Im[6Dt] 4 4  
p r a c t i c a l l y  doesn ' t  change. For q / $ =  1, 
1 2v 
% lo3* This  means i n i t i a l  value a t  - = - 
4A 3vs T 3 
- 
-19 
o r  T 2, 10 [ s e c ] .  This  T is f a r  f a s t e r  than any found even i n  the  h ighes t  
r e s i s t i v i t y  a l l o y s  e.g. f o r  0 % l00pfi-ern. then T 'i. 10-l5 sec.  
V 
s What happened? Why i s  i a :  t he  l e s s  r e s t r i c t i v e  condit ion qA % --- 
v~ 
rather than the  previously reported condit ion qA % 1, which must be 
s a t i s f i e d  before  t h e  de format ion  p o t e n t i a l  b e g i n s  t o  change its character, 
The reason  i s  t h a t  the  magni tude of t h e  deformation p o t e n t i a l  is  dominated 
by t h e  e l e c t r i c a l  f o r c e s  which cause sh i e ld ing .  These f o r c e s  a r e  q u i t e  
l a r g e  compared t o  t h e  e f f e c t i v e  f o r c e s  on t h e  e l e c t r o n  d i s t r i b u t i o n  due t o  
c o l l i s i o n s y  even f o r  r e l a t i v e l y  smal l  qA Q 1. The phys i ca l  s i t u a t i o n  which 
must be reached be fo re  t h e  c o l l i s i o n s  begin  t o  compete w i th  t h e  e l e c t r i c  
f o r c e s  i s  t h a t  c o l l i s i o n s  must become s u f f i c i e n t l y  f a s t  so t h a t  i n  a phonon 
1 per iod  ( -  ) an e l e c t r o n  cannot d i f f u s e  a  d i s t a n c e  equal  t o  a phonon wave 
W 
l eng th  ( l l q ) .  I n  t h i s  c a s e  c o l l i s i o n s  f o r c e  t h e  e l e c t r o n s  t o  remain f i rmly  
a t t ached  t o  t h e i r  moving ions .  The r o o t  mean squa re  d i s t a n c e  d ( t )  t h a t  an  
1 1  
e l e c t r o n  d i f f u s e s  i n  a  t ime t is  d ( t )  = A . We r e q u i r e  d (  - )f; - , o r  
w q 
A E (  o r  f i n a l l y  
Thus c o l l i s i o n s  cannot i n f l u e n c e  t h e  e l e c t r o n  d i s t r i b u t i o n ,  and s o  t h e  defor-  
v  
s 
mation p o t e n t i a l ,  u n t i l  qA -- - . However,acoustic energy l o s s  begins t o  
v~ 
vary w i t h  r when qA 'L 1. This  occurs  because i n  t h e  express ion  f o r  a c o u s t i c  
energy Loss t h e  l a r g e ,  T independent term Q 6n which a r i s e s  from t h e  e l e c t r i c a l  
f o r c e s  causing s h i e l d i n g  i s  m u l t i p l i e d  by a  smal l  term which v a r i e s  w i t h  T. 
Hence t h e  processes  which begin t o  vary w i t h  T when qA % l a r e  mot competing . 
wi th  l a r g e  cons tan t  process  i n  t h i s  ca se ,  S i m i l a r l y ,  one a l s o  expec ts  t h e  
t r a n s v e r s e  phonon-electron i n t e r a c t i o n  which does n o t  compete w i t h  t h e  
e l e c t r i c  f o r c e s  caus ing  s h i e l d i n g  t o  change c h a r a c t e r  when qA Q 1. 
For completeness,  B can be expressed i n  terms of l o n g i t u d i n a l  
e-P 
=+ phonon c r e a t i o n  and a n n i h i l a t i o n  ope ra to r s  a+ and a+ by remembering(13) t h a t  
91 4 
where o N i s  t h e  mass d e n s i t y  of t h e  s o l i d .  Then from Eqs. (31) , (32) , (35)  
t h e  e l e c t r o n  phonon i n t e r a c t i o n  is: 
where f o r  emphasis t h e  s u b s c r i p t  "F" has  been rep laced  on t h e  a p p r o p r i a t e  
symbols. 
Conclusions 
The deformation p o t e n t i a l  is remarkably independent of c o l l i s i o n s .  
The main reason is  t h a t  t h e  deformation p o t e n t i a l  is  c o n t r o l l e d  by the  same 
e l e c t r i c a l  f o r c e s  which cause sh i e ld ing .  C o l l i s i o n s  do n o t  begin t o  a f f e c t  
t h e  e l e c t r o n  d i s t r i b u t i o n s  e s t a b l i s h e d  by these  e l e c t r i c a l  f o r c e s  u n t i l  t h e  
d i s t a n c e  an e l e c t r o n  d i f f u s e s  i n  a  phonon per iod  becomes s h o r t e r  than  a phonon 
wave l eng th .  Under t h e s e  circumstances t h e  e l e c t r o n s  cannot move f a r  enough 
from " t h e i r  ionsss  i n  a.phonon per iod  t o  s e t  up t h e  sh i e lded  d is t r ibcut ion ,  
When t h e  l a t t i c e  d i s tu rbance  i s  a  l o n g i t u d i n a l  phonon t h i s  means t h e  e l e c t r o n s  
are " r ig id lyq '  a t t ached  t o  t h e  i o n s  by c o l l i s i o n s  s o  t h e r e  i s  no e l e c t r i c a l  
p o t e n t i a l  e s t a b l i s h e d ,  I n  f a c t ,  f o r  l o n g i t u d i n a l  phonons t h e  ions  are super- 
sh i e lded  s i n c e  for t h e s e  very high  c o P l l s i o n  r a t e s  t h e  e l e c t r o n s  fo l low t h e  
ions a lmost  perfect ly ,  I f  this phenomenon occurred i n  a phys ica l  range 
of c o l l i s i o n  rates i t  would cause t h e  c o l l i s i o n  r a t e  t o  s a t u r a t e  and 
become temperature independent.  
Since t h i s  e f f e c t  does n o t  account f o r  t h e  observed phenomena, 
what e l s e  could cause i t ?  The experimental  c o r r e l a t i o n  between high r e s i s -  
t i v i t i e s  and low temperature c o e f f i c i e n t s  i s  s t i l l  sugges t ive .  The c a l c u l a t i o n  
done h e r e  is  a semi-c lass ica l  and s i n g l e  s c a t t e r i n g  theory ,  which may b e  t h e  
source  of t he  d i f f i c u l t y .  The s c a t t e r i n g  r a t e s  t y p i c a l l y  encountered i n  
t h e s e  a l l o y s  a r e  s o  high t h a t  mean f r e e  pa ths  a r e  approaching in t e ra tomic  
spac ings ,  s o  t h a t  e l e c t r o n  momentum is no t  a very good quantum number (or  
c l a s s i c a l  concept) .  A b e t t e r  theory  w i l l  need t o  s t a r t  from e l e c t r o n  s t a t e s  
which are q u i t e  d i f f e r e n t  from Bloch s t a t e s .  The most promising new 
technique( ') ' (*) t o  a t t a c k  t h i s  problem starts from m u l t i p l e  s c a t t e r i n g  
theory  and then  uses  t h e  "coherent  p o t e n t i a l  approximation" (C.P.A.) t o  
s o l v e  t h e  problem. So f a r ,  t h e  e f f e c t  of phonons on t h e  e l e c t r o n  t r a n s p o r t  
p o r p e r t i e s  have not  been incorpora ted  i n t o  t h e  C.P.A. thoery.  Next we p lan  
t o  i n v e s t i g a t e  t h e  e f f e c t  of m u l t i p l e  e l e c t r o n  s c a t t e r i n g  from concent ra ted  
s s impur i t i e s "  on t h e  electron-phonon i n t e r a c t i o n  and s o  on t h e  temperature 
v a r i a t i o n  of t h e  r e s i s t i v i t y .  
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Appendix A - Temperature Var ia t ion  of the Collision Time 
Since  t h e  e f f e c t  t o  be d i s cus sed  he re  does not  occur i n  a phys i ca l  
range of parameters only an o u t l i n e  of a  theory w i l l  be developed. The 
d e t a i l e d  theory could e a s i l y  be cons t ruc ted  fol lowing t h i s  o u t l i n e .  We have 
shown, Eqs. (27) , (32) ,  t h a t  t h e  electron-phonon i n t e r a c t i o n  H can b e  
e-P 
symbol ica l ly  w r i t t e n  a s  
where t h e  func t ion  g ( ~ )  con ta ins  t h e  e f f e c t  of c o l l i s i o n s  on t h e  deformation 
p o t e n t i a l  and i s  a  func t ion  whose magnitude s t a r t s  a t  u n i t y  and dec reases  as 
T decreases .  Then t h e  "golden ru l e "  of t i m e  dependent p e r t u r b a t i o n  theory  
l e a d s  t o  t h e  r e s u l t  
where t h e  app ropr i a t e  average m2 is  over  a l l  phonon wave numbers. The 
func t ion  is sketched i n  F igu re  11. K(T) con ta ins  a l l  t h e  temperature dependence 
and w e  can d e f i n e  a  T~ as: 
where T (T) is t h e  temperature v a r i a t i o n  of t h e  c o l l i s i o n  t ime i f  t h e  deforma- 
0 
t i o n  p o t e n t i a l  were independent of T, Coobining Eqs, (A-2) and (A-3) y i e l d s  
In Figu re  11, Eq .  (A-4) is solved graphically. C l e a r l y  as long as 
remains u n i t y  T = T ~ ( T )  bu t  when r o ( T )  beg ins  t o  in tercept  the  curve 
1 M 
then  r becomes p r a c t i c a l l y  independent of T ,  (T) . Thus 2 near  - = - 
qh v s  
under t h e s e  circumstances T s a t u r a t e s  and becomes almost independent of 
temperature.  Unfortunately t h i s  never occurs  i n  a phys i ca l  range of parameters  
and so  cannot account  f o r  t h e  l a c k  of temperature dependence of some t r a n s i t i o n  
metal  a l l o y s  e , g ,  copper constantan.  


